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FOREWORD

This report was prepared by Ltesselle and Associates, Inc.
Bostov, Massachusetts, under U. S. Air Force Contract No. AF
33(616)-2324, Project No. 6-(1-3346), "Propeller blades." The
contract was administered under 'he direction of the Propeller
Laboratory, Wright Air Developmenm, Zenter, with Mr. M. W. Baldwin
acting as project engineer. The auth;,r wishes to acknowledge the
aesistance of Mr. E. L. Rich who conducted many of the tests and
contributed to the analysis c, results.
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AAkT RACT

This report is the thjW '- a weries coveriug work performed
under Contract No. A•'33(61' 23z4 during tie perioA frcen I Feb±
Ary 1954 to 30 Movembez 1;36. The current report cove-s the peri-
od f•mn 1 September L933 •.rough 30 Novamber 1956 The object of
the investigation was tc, det.rmine nny benefits of shot peening as a
means of protecting ,tircrdft propelle. blades against the reduction
offatigue strength &-rizinp irom service dayage. This report covers
additional fatigue tew- P: applementing those reported in Part 2 snd
includingrmore severb ,nmage tlhxnpreviously tested. It also covers
tasts couducted for *" ; purpose of enabling esti•antes to be rmade of
the limitations imposed by diitortion inthe p"ening of ActnA parts.

The results further substantiate the benci.ts of shot peeningas
A b&-ker to the detrimental effects of secr-Acc 4amag. Tests on
SA: 4340 steel specimens indicate that the benefits increase with
increavinrg haroness of steel. Empirical relations derived from
the •st•totion tests arc also included. These relations allow pre-
diction of the curvroture to be expected from the peening of flat
plates under any practical peening conditions.
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1. INTRODUCTION

The work reported inthis paner is directed at inc:e•xt edknow-
ledge of the beneficial effectoi of shot peening in the p -v mntiop of
fatigue failure in aircraft propeller blades. It has be'-n .iypothe-
sized thatihe intruduction oi u-irface layer of compressi.vc res!dual
stresis might impede the foxinatiou and growth of cracks .t -,lt.

subjected to caamage in service. Experiments supporting this hy-
pothesis we•re carried out and arc repurted In WADC TR 55--56 ,
Partal and 2. These reports cover the background rni.terial as well
as the complete details of procedures involved in shot peeninh.
measurement oa residual peening stresses, fatigue tests, etc. These
details will not be repeated in thi! report except in cases where
they may have been altered in the more recent work. Materal
properties of the SAE 4340 steel and 76S-T6 alumninum are identical
to those previously reported.

The current phase of the investigation involves 1) ý;. igue tests
supplementing those previously reported and 2) a stud. directed at
the prediction of the distortion which would accompany the shot
peening of propeller bladpes. The latter phase is of interest because
of the obvioum limitations arising with maximum shot size and / or
intensity and minimum blade thicknesses, especially as regards
hollow blades. The studies of distortion discussed here are limited
to flat plates of various thicknesses peened on one side only mnorder
that the basic z esponses a,.d parameters may be estabis,.tJi.

II. FATIGUE TESTS

LIGHT DAMAGE

Additional tests covering the case of light darnage on 4.; iteel
were conducted in order to provide supplementary data. It wili oe
recalled that the light damage, as described in WADC TR `- 56 ,
Part2, Is producedby fragments of broken glass striking the •peci-
men. The supp'samentary data were desired in order *ý nx o•Vide
more tests for more accurate statistical analysis and tu pr-vide a
check on the Prot slope, which pre-io-jly was taken ar che. val"ue
reported in WADC TR 52-234. Table I is a4,.:.ine .-' "he tnsl pro-
gram involving the light damage. A few s--- .F--' were iziciuded
for the purpose of checking the endurAnce • -it 'dlc... d by the
Prot method. Table 2 outlines the S-N rest cvnOicitc... 'ompiete
data on all fatigue test specimens arte given in Appendix I. The
-failure stresses indicated have been corrected for gou.;_! depth.

WADC T'k' 55-56, Part 3 1



PROT EST CONDITIN

Ultimate Shut Air St•f4o
Specimen Strength Size Pressure

Nos. (psi) (in.) (pi) Jpsilcycle

301-314 130,000 No Pc ening 0.2
315-328 130,000 .039 50 0.2
377-388 180.000 No Peening 0.07
389-400 180,000 No Peening 0.14

-2-436 , 180,000 .066 500.07

437-448 180,000 .066 50 0.14
521-534 260,000 No Peening 0.4
559-572 260,000 .039 50 0.2

TABLE

CONDITIONS FOR S--N TESTS

U.timate Shot A ^

Specimen Strength Size Pressure
Nos. (p&i) (in.) (psO) Damage

645-656 180,000 No Peening None
657-668 180,000 .066 50 Light
669-680 260,000 No Peening None
681-692 260 '00 .039 50 Light

WADC TR 55-5t, Part 3 2



This correction is based on the reduction in nomninal stress in a
bending specimen by virtue of the depth fG-ci the original surfact
at which the failure originates. This depth 15 determined by break-
ing open the specimen and wxamining microscopicaliy to discovei
the origin of failure. In the case of the light damage the correctioi
is u1ually quite small, such that any errors in this principle of re-
ducing the stress by the ratio of failure depth to half the thickness
is quite s-al., lathe case of very deep gouges, as discusmed later,
errors in this correction may be greater.

Figures 1 through 3 give the results of teste run for the pur-
pose of checking the Prot slope. Previouc data reported in WADC
T.R 55-56, i-art 2 are included in these curves as well as in all the
other appliz-.ble curves of light da-nage. Applicable valuer of the
S-N results are also included in the figures. Two Prot slopes are
drawn where the data permit. One slope is that reported in WADC
TI 52-Z34, used in previous reports under thin contract. The
second is that derived from data obta Ined during the phase reported
here. The second slope is greater, indicating lower endurance
limits than the first. Some question arises as to the proper value
of rate of stress increase tnbe used inthe case of notched or dam-
aged specimens. The rates plotted here are the nominal rate at the
surface. It can be argued that the rate ahould be reduced to that
determined bythe nominal stress atthe depth of failure. This would
in general indicate higher endurance limits, although the change
would be slight for shallow notches. On the other" hand, it cn h-
argued that the actual failure stress at the root of a notch is the
product of t,.e nominal stress and a stress concentration factor. If
this were also applied to the stress rate, higher rates would be in-
dicated. Which of these effects is the more realistic iS unknown at
the present time. It would thus appear that a basic deficiency exists
in the Prot method when t'ypied to notched specimens, except in
cases wherein a nominal stress used for com.pz-atiVe purptsea Js
adequate. Fortunately, the current investigarion is sati•f•c:c.-iiy
covered bythe latter Pituation in that comparative results are ade-
quate, even though precise knowledge atthe actual endurance limits
is not obtained. With this in mind and in order to comp.sre previous
results with current results, the original slope as reported in WADC
TR 52-234 has been used in calculating endurance limits. All con-
clusions are based on this Prot slope. It should be noted in passing
that whenthe data are plotted using boththe nomninal surface stress
and the nominal surface rate of stress increase, the slope agrees
almost exactly with that reported in WADC TR 52-Z34.

Figures 4 through 6 give L-.- r--c-ults of all other Prot tests in-
volving either no damage or light damage. These tests were run at
the nominal rate of increase of . 04 psi per cycle and endurance
limits were determined by resorting to the slope, as described
aoove. Figures 7 through W0 show the resuits oi b- rN tests. An
overall summary of the average endurance limits indicated by the
Prot andS-Ntests for the cases of either no damage or light dnrnage

WADO TR 55-56, Part 3 3
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2
-rot and S-Ntests for the c ase, of either no damage or light damage

is given in Figure II. As stated before, the rao•a.lto are averages
which include the previous applicable data reported in WADC TR
55-56, Part Z.

Figure 12 shows the percent vaciatior. in failu•-e stress ve. the
ratio of depth of compression to depth of damage for the cade of
light damage.

Figure 13 is a photograph of the two surfrces of a failure which
originated at a glass-like inclusion of spheri-al form. Figure 14
shows atypical sub-surface failure in whichthe presence of foreign
matter was not definitely established. The "fish eye" which is typi-
cal of sub-surface fatigue failure is evident in the photographs.

HEAVY DAMAGE

Tests were aiso iacluded in the currenu phase of the program
in which heavier damage than used previously was imposed on the
test specimens. This dam-age was produced bythe same glass mis-
sile as described previously except that the glass was not fractured
prior to con~act with the specimen. Each specimen was subjected
to a single gouge. In some cases the glass missile fractured very
shortly after initial contact with the specimen producing a spray
pattern ot relative-iy iighL da.-.age over the surface but with fre-
q-icn~ly - moderately deep groove over a distance ef about 1/2 in.
across the specin.cr,. In other cases the glass missile did not frac-
ture until it had traversed approximately 1/2 in. of the specimen.
This resulted in a very sharl clean single groove varying in depth
from z,.ro atthe point of contact to, maximum atthe point of even-
tual irzcture. Attempts wcrc n-ade to measure the radius ofcurva-
tu•re at the Uotto,,L of the groove. This radius could not be precisely
uctermined but it ia less than. 0001 in. Considerable cold work was
evident along the s•dc- c' the grooves. The groove usually ended
rather abruptly at :he point of eventual fracture of the glass, tiii'
,nd being fill-d wi:h remaining fragments of glass. Therr deep
gouges w.re obtai ed with all tiree hardnesses of the 4340 steel
although the percer.tag, of deep gouges Gecreased with increasing
•pecime: hardness. An occasional deep gouge was found even at
,he highest hardnee•. of R. 52.

For purposes of ar.alysis this heavy damage was divided into
'wo categories according to whether or not the excessively deep
.ouges were i:rmed. ID all cases the faiture stresses were cor-
rected fIr depth by reducing the stress fromthe surface ina iinear
fashion by the ratio u; depth of fa:u.re origin to semi-thickness of
the bLa. With the excessively deep gouges this procedure may be
StLUeL to soCiUOe rICA'r-. h.e non. ..... ...- .... -tre the bot'r of ne ofiese dcep gouges, as calculated in this fa-hion, is as little as one-

\,ADC TR 55-56, Part 3 14
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hal the nominai stress at the surface of the bar. No correction was
made for the reduction in section moduiua due to the existence of
the gouge. The inaccuracy is not considered sezious however, in-
asmucn asthe vah,.e of teats onthe excessively deep gouges is very
small. These gouges are such that rejectior, of -- ropeler blad-
containing such izouge would be anquestioed. Further. they are of
depths far greater than could be benefited by any reasonable peen-
ing treatment. Consequently, value is placed only on iln-.;t "-

gouges which are not of excessive d-pth, that if of depth exceeding
app •-kiaiel; . 01v in. Thus, spec'.r-nens containing these heavy
gouges of .016 in. depth or greater are not included in the analysis
of results, although the failure data are given and the points are
plotted.

Table 3 is an outline of the test program involving the heavy
damage. Appendix I includee data on the specimens containing
damage as well as those specimens previously mentioned.

TAB3LE 3

PROT TEST CONDITIONS-
IHEAV DYDAMAGE

Uitizzlate Shot Air Stre&s
Specimen Strength Size Pressure Rate

Nos. (psi) (in.) (psi) v'psi/cvcle

329-352 130, 5f0 .039 50 0,-2
401-424 180,000 No Peening 0.2

449-472 180,000 .066 10 i 0. 2
473-496 180,000 .078 90 0.2
497-520 180,000 . 1?5 90 0.2
535-558 260,000 N, Peening J 0.1
573-596 260,000 .039 50 0.2
597-6Z0 Z60,000 .078 30
621-644 260,000 .125 90 J0. j

Figures 15 through 24 give the results of Prot tests on the
heavily damaged specimens of various hardoesses and peening
treatments. Figure 25 gives the average results of these tests for
the heavily damaged speclmcns. It can be seen that the benefits of
peerung are apparent even with the moderaLely ieavy d:.-g.Ž ie-
ire 2b shows the percent variation in failare stress vs. the ratio of
depth of compression to depthof darn-.ge for the cpse of heavy dam-
aLye.

WADC TR 55-56, Part 3 18
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III. DISTOaTION

RESIDUAL STRESS AND CURVATURE

Because of the fact that the residual stzesses produced by peen-
ing are a result of plastic ~nd elaatic strain, it Is apparent that
some dimensional ch~ange must necessarily accompany this treat-
menit. The degree of this dimensional change is of course &Zlected
by the geometry of the part and the severity nf peening. The pro-
peller blade, being essentially athin plate with some superimposed
twist. mjehit therefore be distorted to a sizeable dcrree by a heavy
pet-rung operation. It is essential that some knowledge of the dis-
tortion as a function of peening condition be obtained. This know~-
ledge would enable prediction of the limits of peenilg in an actual
case.

The study of distortion has been confined to flat plates peened
on one side only. This case allows study of the fundamentals in-
volved in distortion and permits exprep-sion. of some of the factors
affecting tne distortion such as hardness, Lhickneso, etc. The ex-
tensicn of data obtained from these simple tests would involve ron-
sideration of the particular geomentry of interest.

In studying dietortion, S__iý t.340 steel specimens of varying
t- ~n "n ere --..A a,, The rvu

ing ciirvatures and residual st-resses wu!re evaluated. These data
wpre then assembled in order -.o determine empirically the behavi-
our in distortion of the various thicknecses. This knnw~docr -as
then extended aualytically to L~aclude the various hardnebse e of steel

aj--cl-as tlhc single aluminum alloy udrconsidecration. A listing
of the residua! stress specimens tested and the peening conditions
involved is given. in Table 4. Al; tests were undertaken at high &hot
coverage anti using st~el -W hardness R C44. . A constant twiot flow
rate (10 lb/mmn) and a fixed air pressure (50 psi) were used tbrough-
out the tests. S0pecimen size and shape were ideatical to those re-
ported in Part I of WADC TR 55-56.

Since the distortion is coroduced primarily by the compressive
etc:from the 2pcen-i.. 5  it seemc apparen e mag-

nitude ai-.d dk~ipth of this co'mpressive stress would be the mcst imn-
portant factors in analyzinxg distortion. Th~e maximum vabip of the
sti ess, the depth.. ;and ti- xhoqpý ol tih stress curve are involved in
the force producing the distortion, These factor. cmi-,be Lumped to-
gether in terms of the compressive residual stress area which is
the integral of stress tivnes depth. This reeidual- btiess area then
repre~sents the force per unit width of fiat apec-'rrien which is acting
to produre extension and bending. Bending is the more predominant
factor in the casc of a flat specimen peened on one i~ide only. If it
is assumen, that similar peening treatments rprnciuee the iarnp rnn-h
pressive residual stress .area on different thicknesses of identical
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TABLE 4

RESIDUAL STRESS SPECIMEN•

Ai-
Spt-ci:nen Hardness Shot Pressure Thicknee-;

No. Material R Size (psi; Coverage (in.

N 4340 Steel 45 110 50 Hi;h 0.499

2 4340 Steel 44 110 so High 0.498
3 4340 Steel 4 .. 497
4 4340 Steel 43 230 50 High 0.496
5 4340 Steel 44 390 50 High 0.497
6 4340 Steel 44 3c.0 50 High 0.498
7 4340 Steel 45 6A0 50 High 0. 495
8 4340 Steel 45 660 50 High 0.499
9 4340 Steel 45 0. 125 in. 50 High 0.498

10 4340 5*e,-1 45 0. 125 in. 50 High 0.499
4340 Stee l 41 110 50 Hi1gh 0.129

12 4340 Steel 41 110 50 High 0.129
I 3 4340 Steel 41 230 50 High i 129

14 4340 Steel 41 230 50 High 0.129
1 5 4340 Steel 4! 390 s0 High 0. 129
16 4340 Steel 41 390 50 High 0.129
! 7 4340 Steel 41 660 50 High 0.129
18 4340 Stecl 41 660 30 fitch 0.129
IQ 4340 Steel 41 0. i25 in. 50 High 04129

20 4340 Steel 41 0. I25 in_ High 0.129
21 4340 Steel 41 110 50 High 0.069
ZZ 4340 Steel 41 ii0 50 High 0.067
23 4340 Steel 41 230 50 High 0.n66
24 4340 Steel 41 230 50 H'gh 0.067
25 4341, Steel 41 390 50 High 0. 068
26 *340 Steel 41 390 50 High 0 066
?7 4340 Steel 41 660 50 High 0.067
-8 4340 Steel 41 660 50 High 0.069
29 4340 Steel 41 0. 125 in. 50 High 0.067
30 -,14; Steel 41 0. 125 in. 50 High 0.069

4340 Steel 44 0.125 in. 50 High 0.714

34 4340 Steei 44 0. iLS inr. 50 High 0.714
33 4340 Steel 44 0. 12S in. 50 digh 0.998

34 4340 Steel 44 0. 125 in. 50 High 0. 998
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materia'. - should be possible to calculate the cuivature which
would b& -r• oneich of these thicknesses. The energy of com-
pressive st n nust be offset by equal ar-iounts of energy in the
remainder si specimen. Further, for , quilibrium the com-
pedjsive and tensile iorces and moments must balance. There-
fore, it shouio be possible to calculate epproximately the entire
residual stress distribution and the resulting specimen curvature
knowing the characteristics of the compressive residual stress.

The tcrt ,irogram was designed to study these affects as we~l
as to detect relations between the potential energy of the speci'nen,
the potential energy of an Almen strip peened simultaneously with
the specimen, and the kiuet-c energy of the shot stream.

DISTORTION TEST RESULTS

The raziduai stress results for the various distortion test
specimens are plotted in Figu:'es 41 through 74 in Appendix U1. The
data from which these results are calculated are presented in Appen-
dix Ifl. As stated previously, the various tests involved only a
single hardness of steel. These data are combined in the succeed-
ing discussion with previous data on 1/4-in. thick specimens of
varying hardnesses of steel and cf aluminum 76S-T6.

Figure 27 indicates that the compressive residual stress area
is unaffected by specimen thickness above a thickness of 1/8 in. for
the peening conditions testcd. Since for a given hardness of steel
the x"aa.iu-_ value of compressive stro.s is neOr)y Cnnatant nnd is
at or near the surface, then a variation in compressive residual
stress area is essentially directly proportional tothe depth ofcomn-
pression. Thus, the depth of compression becomes a measure of
distortion for specimens of constant hardness. Figure 28 shows
the curvature vs. the depth of compressive layer for the various
thicknesses of R 42 material tested. Observation of this figure re-
v~als a definite rclati,•, of curvature to thick, an of specimen. it
develops that the square of the thickness is the proportionality con-

atant. Figure 29 is a plot of Ct
2 

(curvature times the thicknwse
squared) vs. depth of comprest-ion., it can be seen that, when plot-
ted with this parameter, aii thicknesses are represented on the

oame curve. Figure 29 also includes the average values of Ct/ for
each a• tlie other hardnesssus of stoel and of aluminum. It should be
noted that the latter values are based on only one trcf.tu.a, it being
assumed here that the same relations will appiy that appLly to the

R c2. Figures 30 through 32 show the curvature parameter Ct
2

plotted against the compressive residual stresz areas for al hard-
nesses and shot conditions of steel. These three curve sare es-
sentially identical to each Ftg.--ure 3- is the ,orr-.prondir
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curve for aluiri.umrn and can be made to c )incjde with the curve for
theae steels by multiplying by :he ratic of the elastic -ouduli, i. e. ,
E Sit These cur ,es, when combined with the residual strese

data given in WA"DC TR 55-56, Pa:'t 1, allow the determination of
the specimen curvaturý: to be expected fron, any peening condition.

It is also of inter!tt .o relate these variables w.,the Alrnen arc
height oberved durins peýaing, since the latter is the common
method of detern.ining tie peening conditionU. Consequently, Fig-
ures 34 and 35 have beent included. These are plots of the various
parameters against the -lmen C arc hzight resulting from the peen-

ing. It will be noted that the slope o1 Ct
2 

vs. Almen C increases at
an Almen C value of app roximately , 008 in. This is attributed to
tme limitation observed i low thicknesses, as was shown in Figure
Z7, and is a result of increased stiffness as the thin strip devclops
tran.4verse r',,tu-=-

Although the maxirruni value of compressive stress and depth
are of primary interest, the peak value of tensile residual stress
immediately below the comrpresstve layer may also be of interest
in many cases. Figur,: 36 shows how this peak val.ac cn'mnges with
specimen thickness. I: can be seen that the vzlue of tensile str•,s
increases as thickness decreases. This is reasonable as it is nec-
essarv -c enable force and moment equilibritun to be maintained.
In this connection Figure 37 shows the location of the neutral axis,
that is the point at which the residual stress beconies zero after
having react ed its maximum value of tension. it can be seen that
the position of the neutral axis is a function of thickness only, re-
gardle.se of the pccruing condiltiuna on a given material. The tests
as shown were conducted only on R 42 n.aterial in which the maxi-
mum value of compressive stress 'Is essentially constant..

A summary curve for all materials tested results from the in-
clusion ( in the parameter Ct 2 ) of the modulus az- th, -___
compressive stress for each specimen. Figure 38 Is a plot of the

Cti E
parameter --- vs. the depth of compression for all cases con-

4ldered; that 1; for all ni;Atierial, coverages. ihaL sizes, air pres-
sares, and thick-., ses tested. Thus, given the dimensions of the
piece to r- t- ad -.. 4 knowing either the maximum compressive
stress ro•-L._ , rnx peening of that hardness orthe depth ofcom-
pression resulti , from the peening, it is possible to determinethe
distortion which .. ould result. The depth of compression can be oh-
malnad frut., curves bor the various materials and peening conditions
as given in Part 1. Because of the sarge number of data points avail-
able for Figure 35, oniy about 20% of the points have been plotted.
Every fifth point was selected from a numerical listing of speci-
mens.
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It seems theoretically probable that a miore universal curve
relating compressive wiresi ý.d depth to the kinetic energy of the
shot, either the single~ shot or the total sho., stream, could be ob-
tained. This relation, however, has not yet been discovered, The
depth of cormprezzion. can however be rrelated for each n-aterial and
.shot velocity. Figure 39 shows the ratio of depth of cornpreesioni

3 3
shot diameter for R, 42 miteria1 vs. the parameter L V , where

D is the shot diameter (in.)and V is the shot velocity (t/sec). The'
exact physical significance of thie parameter is not clear. It would

3 2
riem that the parawct-i D V would be more representativ- of th.-
kinetic energy of a single shot. A plot of this parameter, however,
does uct produce a smooth curve.

IV. MEASUREMFNT OF SHOT VELOCITY

In order to correlpue the results of these peening tests with
shot peening as doýnc on other equipment, it was deemed necessary
to know the velocity of the shot. This was measured by means of
higsh-Spd fl;, -h photography. A high-intensity flash tube was placed
in the rear of the Deeiiino abi net. A viewing -i-Aý --- 2cu into
thý fron* cf the. cabinet %uch that the shot stream was silhouetted
against the flash tube. A reference nmarker 1-in, long was placed

ai,,to th *'- shot streaih'. The !lash tube was triggered by an
oscillator operating either at 1800 or 2400 cps, d epcrnding on the
particular run. The tube flashed 3 times, each tlash being less in-
tense than the previous one. The camera was placed at the viewing
window and aimed at the flash tube with open shutter. Thus, the
filmn was suri.ected to a triple exposure' with k known tim- h't-we'pn

exposures. This reeulted in a picture wherein indiv~dual shot could
be identifie! I at 3 locations with re opect to the 1-in, marker and with
respect to t ie known time. This enabled thec calculation of the ye-

locity of shot.

Figure 40 shows the results of this test. It can be ceen thot
the maximum velocity obtained is approximately 120 It/sec. Rt can
also Lc seen that the Phnr veiocity is practically independent of sliot
-ze. This may be partly due to the fact that the shot and air noyt-

zie sizes were changed with the shot size in accordance with the
schedule p- eviously reported in Part 1. The valt~es of sihot -ejocity
are somnewhat lower than would be expected from a %hrel-type

machine. -They are also aomewhat lower than those reported by
Coombs, Sh,'rratt and Pcpoý at the International Cnnierence on

Fatigue of M:!tals. London. 1956. hut agree quite rlrqPlv to norne
unpublished daza taken on. a similar cabinet.
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Figure 40 can be used to convert all values of air pressure pre-
viously reported to shot velocity, enabling results on other equip-
ment to be cornpared with those reported from this project.

V. CONCLUSIONS

For the case of light damage, shot peering increased the fatigue
strengths of SAE 4340 steel of hardnesses Rc 51, R c42 and R c52 by

IT1%, 53% and 86%, respectively. The oyiU-ur, r-ti! -•f depth ot
compression to depth of damage is about five or greater, c-l,,gh

considerable improvement in fatigue strengt'i of k,42 and R 52 ma-
terial is .-chieved at a ratio as low as two. - c

For the case of heavy damage, shot pe-ning increased the fatigue
strengths of SAE 4340 steel at hardnesses R 31, R c42 and R C52 by

72%, 120%, and 133%, respectively. The figure foz the R 31 isc
based on an estimated fatigue strength for the unpeaned- damaged
material. The optimum ratio of depth of compres3ion to depth of
damage is about five or greater, aithough considerable improve-

"1ý -as 'z.t we ., ratio A- I-~ -- ^n-p

A check of the ?rrt siope resulted in a value which would indi-
cate a lower endurance limit than would be indicated by WADC TR
52-2.34. Whci.. faiurý streaser. azd alre.. rates are uot corrected
for gouge depth, the slope is identical to that reported in WADC rp
52-234. S-N tests in general confirmed the lower values of endur-
ance limit. The S-N tests showed considerable scatter, however,
which is a natural result of scatter in the darmaged opcimenes.

S-N teate van te bader steel& lailed to reveal definite fatigue
strengths, a condition which hat. beett noted by w, few other inveatfo-
gators.

Empirical curves and pArameters relating distortion oi flat
pla'•c• tc%- peenng cv.ýftl , -e been established. The parameter

when plotted again-t the depth oi compressive layer, appears

t; rate all peening conditions, thicknesses and materials tested.

The ccr.npressive residual stress conditions are essentially
constant for thicknesses of 1/8 in. rnd above. Onthe La is of a

fewteste, the xcuidual stress condition b-hag- below 1/8 in. thick-
ness. For a given state of compressive stress in the region of the
starface, the tensaiis stress beneath this layer increases with de-
creasing thickness.
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AFPIEND1X i

FA'.iIGUE TEST SPECIUAMO

The table on the follow-,,ng pages lists all fatigue specimens
tested, together with the peening conditioni, type of damage and
failure stress for each. The maximum gouge depth refers to the
deepest penetration of the gouge through -:,hch failure occurred.
The gouge depth at failuh-e refers to the denth at the nucleus of the
fatigue crack.
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TABLE 5

FATIGUE TEST SPEC AENS

Maximum Gouge
Cornpressive Gouge Depth at Failure

Specimen Hardness Depth De:+th Failure Stress
No. R (in.) Damage (in.) (ini.) (i 03 psi)

301 27.5 .001? Light .002 .002 64

303 Z6. 8 .000 Light . 03 0* 6
104 26.0 .000 Light 000 .000 (c) 68

305 27.8 . 00 Light .000 .000 (a) 69

306 27.0 .000 Light .006 .006 61
307 26.0 .000 Light .000 .000 (c) 67
308 96.0 .000 Light .001 .001 64
309 25.9 .000 Light 000 .000 (a) 69

310 4t. 0 .000 Light .000 .000 (c) 6o
3'. 1 26.0 .000 Light .005 005 65

312 25.8 .000 Light .000 .000 (c) 62
313 28.0 .000 Light .000 .000 (a) 66
314 27.8 .000 Light .006 .006 64
315 26.0 .J17 Light .010 .010 60
316 27.0 .017 Light .010 .Ui U 5

317 26.5 .017 Light .010 .004 72
318 27.0 .017 Light .004 .009 65
319 26.5 .017 Light .009 .006 74
320 26.5 .017 Light .0 2 .012 60
321 25.8 .017 Light .0(16 .006 71
322 26.0 .017 Light .004 .0U04 73
323 Z7.0 .017 Light .006 .006 68
'_24 2--A.- 0 .017 Light .006 .006 67
325 97.0 .017 Light .000 . 000 (c) 74
326 26,5 .017 Light .004 .004 70
327 27.0 .017 Light .006 .006 77
328 27.5 .017 Light .002 .002 75
329 30.0 .017 Heav-/ .013 .000 (b) 66
330 30.0 .0W7 HeavY .013 .003 71
331 30.8 .017 Heavy .041 .000 (b) 70
332 29.8 .017 Heavy .008 .00p 64
333 30.0 .017 Heavy .027 .000 (b) 74

(a) Did1 net fail through gouge
_ t ;lf.r.ad at entry or exit of gouge

IcAD ral ant ------- ess then. TR1 in. deep

WADC TR 55-56, Part 3 52



TABL£ 5 (CONTINUFDI

FATXICGUE TEST SPECIMFN-

Maximum Gouge Faiiure
Compressive Gouge Depth ofSpecinen Hardness Depth Depth F!lure 1 Streps

No° R (in.) Damage 1 (i. ) (in. (10 pm1)

334 29.5 .1i: Heavy .017 .000 (b) 71
1,• 3. 1 n ; -vaVy .006 .006 PI336 30.0 .017 lieavy .019 .00 (b) 73337 31.') .017 Heavy .064 .004 51338 30.0 .017 Hea'iry .020 .020 583i. 0 .0!7 Heavy ac? .004 S.
340 30.5 .017 Heavy .00. .002 70
.i 30.0 .017 iiavy .021t .020 58342 30.0 .017 Heav,, .018 .012 61343 29.8 . 0-17 ;:J . 006 .006 69344 30.0 .017 Heavy .02 .011 , i345 30.0 0i7 i!eavy .014 .007 66346 31.0 .017 Hea-y .055 .037 41347 Z9.5 .017 Heavy .051 .017 5924* 29.5 .017 Heavy .048 .024 56349 30.0 .017 Heavy .032 .016 59350 30.0 .017 Heavy .009 .007 70

351 30.0 .017 Heavy t12 .4 60352 29.0 .000 Heavy .001 .000 (C) 53*353 30.0 .041 Heavy .024 .024 58354 30.0 .04. Heavy .030 .030 57355 30.0 • 0', Heavy .013 .007 69356 30.0 C41 Heavy .008 .008 69357 ;.4- .A4- .. z--- .i15 .V15 67358 29.8 041 Heavy .030 .0!3 65359 30.0 .041 Heavy .024 .012 67360 30.5 .041 Heavy , 0. 009 70361 30.5 .041 Heavy .0 5 .015 62362 30.0 .041 Heavy .009 .009 7"3363 .30. .04i Heavy .019 .019 73364 30.0 .041 Heavy .012 .012 67365 30.0 .04I Heay .021 .018 62366 29.5 .041 Heaqy .063 .051 39367 30.0 .041 Heavy .014 .014 71368 30.0 . 04i HeAvy .003 .OC3 73

' Not Peened
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TABLE 5 (CONTINUEDI

FATIGUE TEZT SPEGIMENS

Maximum uotJg'j Failue
Compressive Gouge Depth of

Specimon Hardneari Depth• Depth Failvre 1-

"No. R (ic.. Damnagm ( Cr. ) (in.)

i6q 30.0 .041 Heavy 009 .009 72
370 3C. U .041 Heavy •Oi . 0i 1.9
71. 30..0 .04 Heavy 03: .015 62

372 30.0 .041 Heavy .018 .U69 71
373 29.5 .041 Heavy .005 .005 74
37-1 30.0 .O•,l leavy .008 .00w 71
375 29.8 .041 Heavy .032 .032 70
376 29.5 .041 Heavy .069 015 60
377 4Z. 0 .000 Light .002 .002 c,
378 42.0 .000 Light .004 .004
379 42.0 .000 Light 004 004 53
380 42.0 .000 Light .OOb .006 59
381 41.0 -000 Light .004 .004 73
382 e. U . ,f00 Light .001 .001 58
383 42. 0 .000 Light .005 . 005 5r,
384 42.0 .000 Light .007 007 46
385 43.0 .n-0 Light .002 .002 63
385 43. c 000 Light .002 .00Z 58
387 42.0 .000 Light .009 .009 51
388 42. 5 . GOO LI 8 h . 004 . 004 53
389 4z. 0 .000 Light .003 .003 61
390 42. 5 .000 Light .003 .003
391 <Z. 3 .000 Light .006 .006 62
392? 42.0 .000 Light .008 .008 49
393 42.0 . 000 Light .004 .004 61
394 42. 0 .000 Light .000 .000 (k) 70
395 42.0 -000 Light .003 .003 67
396 42.0 006 Light 006 .006 56
397 42.0 .00 Light .003 003 70
398 42.0 .000 Lij:ht .000 000 (a) 79
333 4z. .000 Li ht .006 .006 64
400 4Z. Q 000 Light 007 007 6
401 4'. 5 00O Heavy 024 .024 12
402 41.0 000 Heavy 009 .004 49
403 42.0 000 Heavy .006 .000 (c) 48
404 4Z. 0 .0o00 Reavy 049 , 3z 36
405 42.0 .U0O Heavy 007 .007 46

"6 2. 0 . 000 Heavy .005 .000 (b) 53
407 4i2.0 .c 00 Heavy .004 .000 (a) 51
408 42.0 . coo Heavy .OZ . 00c; (a) 53
409 ... 0. . 00n Heavy 016 .018 40
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IAAILE 5 (ONILNUED

1AILQILJT!T.ECMN

Maximum*n Gouge Failure
Compreauive Gmige Depth of

Specimen Hardness Depth Depth Failure
No. R c in. Daa.a,, (in.) (in.) (i0 psi)

410 42.0 .000 Heav; .027 .027 42
411 42.0 .000 Heavy .046 .035 34
412 42. 0 .000 Heavy .006 .000 (a) 56
413 42. 0 .000 Heavy .007 .000 (cI 54
114 42.0 .000 Heavy .008 .000 (c) 50
415 43.3 .000 Heavy .022 .02 44
416 42.0 .000 Heavy .006 000 (c) 53
417 42.0 .000 Heavy .004 0.04 59
418 42.0 .000 Heavy .016 .000 (a) 55
419 43.0 .000 Heavy .004 .000 (c) 52
420 41.0 .000 Heavy .006 .006 51
421 42.0 .000 Heavy .008 .00 4V
422 42.0 .000 Heavy .000 .0, (c) 58
423 41.5 .00C Heavy .0n 021 50
424 42.0 .000) -=:'--. , .005 .005 48
425 42.0 .017 Light . UOO 000 (a) 90
426 42. 0 .017 Light .000 .000 (a) 94
427 42.0 .017 Light .000 .000 (a) 08
428 42.0 .017 Light ý 000 .000 (a) 95,
429 41.0 017 Light .000 .000 (a) 94
430 k2.0 .017 Light .000 .000 (a) 91
431 42.0 .017 Light .000 .012 85
432 42.0 .017 Light .QIZ .000 (a) 80433 42.0 067 T 4..- A '. , , -)-- 2- - . -., . ~ v-1 io "
4J4 42.0 .017 Ligkt Failed Gotside Peening
435 42.0 .017 Light .012 .000 (a) "I
436 42.0 .017 Light .01z .000 (a) 94
437 41.0 .017 Light .012 .000 (a) 95
438 41.0 .017 Light .012 .000 (a) 96
439 42.0 m7 T ght .000 (a)440 4z. 0 .017 Light 0) 2 .000 (a) 98
441 42.0 .017 Light .012 c...(
141 1.0 .017 Light .1 .00O(a) 96
443 42.0 .017 Light .006 .006 91
444 42.0 .017 Light 006 .000 Ia) 97
445 42.0 .017 Light .006 .000 (a) 95
446 42.0 .017 '-L'ght n0b .000 (a) q-
447 4z. .017 Light .006 .003 fIa 93
448 42.0 017 Light .006 .OOC (a) 96
449 43.0 .017 Heavy 005 .005 87
450 42.0 .017 Heavy .020 .0?0 73
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TABLE 5 (CONTINUED)

[ATIGUE TEST SPECIMENS

Maxm.,rn Gouge Failure
Compressive Gouge Depth of Stres

Specimen Hardness Depth Depth Failure
No. P, (in.) Damage (in.) (in.) (10 psi)

451 41.0 .0!7 Hez.,y .008 .008 90
45? 4• Z. .0 7 L•.... a, aL vA.4 A I-

453 42.0 017 Heavy .031 .031 62
454 41.0 .017 Heavy .000 .00 (cC• 10
455 4L.0 .017 Heavy .003 .003 97
456 43.0 .017 Heavy .006 .4

457 42.0 .017 Heavy A0(6 .006 91
4S9 4Z.G .017 H-avy .0Z4 .Goa 78
459 42.0 .017 Heavy .005 .1C5 91
460 42.0 .017 Heav/ .007 .007 91
461 42.0 .017 Heavy 0k•S . 012 78
462 42.0 .017 Heavy .009 .006 89
4,b3 41.0 .017 Heavy .03Z .032 6=
464 41.0 .017 H wavy .006 .006 93
465 4Z.0 .017 Heavy .009 .006 91
466 47.0 .017 Heavy .037 .037 47
467 41.0 .017 Heavy .! .011 83
468 4i.0 .017 Heavy .038 .019 60
469 43.0 .017 Heavy .008 .008 89
470 42.0 .017 Heavy .002 .000 (aj 99
471 .2. 6 017 Heavy .038 .038 53
472 42. 0 .017 i.eavy .026 .026 70
473 41.0 .021 Heav- .000 .000 (c) 92
47 4 4Z.0 I 02i Heavy .0 . UW9
475 42.0 .021 Heavy .000 .000 (a) 99
476 42.0 .021 Heavy .027 . 000 (b) 85
477 4Z.0 .021 Heavy .009 .009 86
4719 4i.0 ,021 H'.avy .009 .009 90
479 42.0 .021 H.,- y .006 .000 (b) 98
480 a;. 0 .02i Heavy 006 .006 90
481 42.0 .021 Heavy .009 .009 i7
482 4Z.0 .021 Heovy .012 .012 90
483 41.5 .021 Heavy .012 012 85
4a4 42.0 .021 Heavy .000 . 000 (c) 99
485 42.0 .021 Heavy .00^ .000 (b) 96
486 42.0 .o021 Heavy .00 .006 92
487 42.0 .02.1 Heavy .01 2 .006 96
488 42.0 . 021 Heavy .C06 .006 94
159 42.0 .C02 Heavy .009 .006 94

1 AIA i. Y

491 42.0 . 021 Iatay .009 000 (b) 98
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TABLE 5 UCQNTINUED)

FAT1GUF TEST SPECIMLINS

Maximahum Gouge Failure
Compressive Gcuge Depth oi Stress

_--!'•,'n Har die si Depth Depth Failure
No. R (in. ) Damag. (in. ) (in.) (10' psil

492 42. 0 .0.i Heavy .003 .003 95
493 42.0 .02i Heavy .01? .000 ý4bj ) !q
494 42.0 .021 Heavy .006 -006 95
495 4i. . 021 Heavy .006 .006 5
496 42.0 . 02! Heavy .026 .000 (h-) 99
497 41.5 .027 Heavy .000 .000 (c) 91
498 42.0 .027 Heavy .001 .000 (a) 102
499 42. 0 .027 Heavy .000 .000 (C) 93
500 --. 0 .027 "ep', .000 .000 (a) 95
501 41.5 .027 Heav- .000 .000 (b) 84
502 42.0 .027 Heavy .000 .000 (b) 96
503 42. 0 .027 Heavy .000 .000 (.c. 92
504 43.0 0Z7 Hea-y .000 .000 (a')
1-05 42,0 .027 Heavy .000 .000 (c) 95
506 42. 0 .027 Heavy .000 .000 (b) 96
507 42.0 .027 Heavy .000 .000 (b) 101
508 41.0 .021 Heavy .015 .015 86
509 41.0 .027 Ileavy .000 .000 (a) 101
51. 43 nZ.? 0 ..... O .000 (al 1 00
5i1 4'. 0 . GZ7 Heavy .024 .000 (b) 9z
512 42.0 .027 Heavy .0Sl .024 55
513 43.0 .027 R:a-. .000 .009 94
514 42.0 .02-. Heavy .000 .00O (C) 89
5] 5 41.0 .027 Heavy .006 ,)hA 107

2.25 .Z7 Heavy Not Visible -

517 42. C .027 Heavy .012 -000 (b) 98
518 42.0 .027 FeCAvy .030 .030 65
519 ;4• 0 .0Z7 Heavy 0cz .000 (c) 95
520 42.0 .027 He'z'- .033 .033 63
521 50, 0 .000 Light 003 - 003 72
5;2 50. .000 Ligh: .000 ( .000 (c) 69
523 50. 0 .000 Light .002 .002 s0
524 50.2 .000 Light .002 .002 72
525 50. 5 .000 Light .003 .003 72
526 50.8 .000 Light . 000 .000 (C) 80
527 50.0 .000 Light .000 .000 (c) 6?
528 51.0 .000 Light .002 .001 74
SZ9 50.5 .000 Light .003 .003 86

030 0.O0 .000 Light .003 .- 03 17t
53i 50.S .000 Llg'., .000 .000 (c) (_6
532 51. C .000 Light .003 .003 79
ki 3 50.5 .000 Light .300 000 (c) 7?
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"TABLE 5 iCQKTINUEDj

FAJTIGUE jjST SPECIMENS

Maximum Gouge Failure
Compressive Gougc Depth of Stre

Specimen Hardness Depth Depth Failure

No. R (in.) Damage (in.) (in.) (103 psi)

"534 1.0 .000 Light .on? . 002 05
535 49.5 .000 Heavv .005 .0004c) 69
536 50.0 .0G Heavy .005 .002 58
537 49.5 .000 Hea., ;004 m 002 r!
533 49.0 .000 Heavy .002 .000 (c) 57
539 49.0 .000 Heavy .004 .000 (c) 58
540 49. 5 .000 Heavy .000 .000 (c) 63
541 49. 5 .000 Heavy .005 .000 (c) 53
542 4J. 0 .000 Heavy .005 .001 96
543 49. 5 .000 Heavy , 004 . uuu (c)
544 49.0 .000 Heavy .004 .002 52
545 49.0 .000 Htay .000, .000 (c) 74
546 49. 5 .000 Heavy .004 .000 (c) 6i
541 49.0 .000 Heavy .004 .000 (c) 55
51• 49.0 .000 Heavy .005 .000)tIc 56
54Q 48. 5 .000 Heavy .004 .000 (c) 59
550 49.5 .000 Heavy .007 .000 (c) 57
551 49.0 .000 Heavy 02z .002 81
55.? 49.0 .000 Heavy .002 uU0 (.I S4
553 49.0 .000 Heavy .004 .000 (c) 51
554 49.0 .000 Heavy 004 .000 (c), 55
555 49. 5 .000 Heavy .019 .019 63
556 49.0 .00C Hcavy 057 .000 (c) 53
557 43. 0 0v•ea,, . CC 00. 0 %
5 5.8 49. 5 .0on Il--vv .005 .000 (c) 55
559 49. 5 .011 Light Failed Outsidc Peening
560 50.0 .011 Light .000 .000 (a) 125
561 4. 0 .0i 1 Light .000 .000 (a) 121
562 50.0 .011 Light .000 .000 (a) 96
56.3 502 .01 1 Light .003 .000 (ai iZf
564 49. 5 011 Light .000 .00 (a) 118
565 50. 5 01 I Light .000 .000 (a. 127
66 49. 2 .01i Lig 0G0 .000 (a) ia

St7 50. 5 .011 Light .000 .000 (a) 117
568 50.5 .011 Light Failed Outside Pepning
569 50.0 .011 Light .000 .000 (c) 128
570 5i.. 0 .011 Light .003 .003 125
571 50. 5 .011 Light .000 .000 (a) 119
572 50.8 .011 Light .U-6 .000 CO

40.0 Ail H. Ce" .00.......
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TABLE 5 (CONTINUED)

FATIGUE TEST SPECIMENS

.. Failure
Compressive Gouge Depth of Strep,.

Specimen Hardnesp Depth Depth Failure
No. R (in.) Damage (in.) (in.) 103 p)

574 49-0 .0ii Heavy .000 .000 (c) 1.15
575 ".0 .,1 1 aeavy .043 ..000(a) .-

576 49.0 .011 Heavy .002 00? 105
577 4V.5 .011 Heavy .006 .006 101
578 49.0 .0ii Heavy Fi1cd Outside Peeiiing
579 49.0 .011 Heavy .007 .007 96
580 49 0 .011 Heavy .004 .004 107
581 49.0 .011 Heavy .025 .025 85
582 49.0 .011 Heavy .006 .006 98
583 49.0 .011 Heavy 006 .006 99
so, 49.0 .011 Heavy 00" n06 93
585 49.0 .011 Heavy .004 .004 106
586 49.0 011 Heavy .003 .003 112
587 49. 5 ,')1! Heavy 000 .000 (c) 117
588 49.5 .011 Heavy 003 .003 109
589 48.5 nil Heavy 033 .000 1b) 104
S 901 C 4.y 00i6 .006 1 03
591 50.0 .011 Heavy .004 .004 113
592 49.5 .011 Heavy .009 .009 101
5('3 49.0 Oil Heavy 0

1 z .012 103
594 49.0 .011 Heavy 033 .03-i 58
595 49.0 01, H ....a.v v024 -024 83
596 49.0 .011 Heavy .006 .006 103
597 49.7 .018 Heavy .002 .000 (-1) 120
598 50.0 .013 Heavy 006 .000 (a) 117
.99 49. Z G'18 .4eavy 003 .000 (a) 113
600 49.2 .018 Heavy .005 .000 (a) 113
601 *9. 1 .018 Heavy .001 .000 (a) 110
602 49.4 .018 Heavy .003 .000 (a4 118
603 48.7 .018 Heavy .003 .000 (a.1 113
604 409 "3 ni H a'... .0 ... 119
605 49.7 .018 Heav, .002 .000 (a) 120
606 50.0 .018 Heavy .003 .000 (a) 107

48.9 .018 Heavy .003 .000 (a) !!1
608 4Q. 9 .018 -heavy .003 .000 (a) i09
609 49.3 .018 :ieavy .003 .000(a) 114
610 49.0 .018 Heavy .002 .000 (a) 106
611 49.8 .018 lHzavy .003 000 (a) 113
612 49. 2 .018 Heavy .002 u00 (a) 114
913 49. 1 .018 Heavy .00Z 000 112
614 i9. 4 .018 Heav"' 002 /3O(a) •15
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TABLE 5 (CONTINUED)

FATIGUE TEST SPECIMENS

Maxinuin Gouge 7ailure
CompreSs seHvD Gouge Deput ,t Stress

Specimen Hardne-a Depth Depth Failure
No. R (in.) Damage (in.j (in.) (10 ps:.)

c

. 491. 'Ž, He9vy .003 .000 (a) '1)

616 49.7 .0i8 Heavv .003 .000 (a) 117
617 49.9 .018 Heavy .003 .000 (a) 118
618 49. 5 .018 H n a'y .Oo! .In 0"') 113
619 4q.0 .018 Heavy .002 .000 (a) 108
62d 49.1 .018 Heavy .002 .000 (a) 124
621 49.7 .0Z5 Heavy .003 .000 (a) 115
6Z2 4;. 4 .025 Heavy .003 .000 (a) 109
623 49.0 .025 Heavy .003 .000 (a) 106
624 4c,.0 .025 Heavy .003 .000 fa) 118
625 49.1 .025 Heavy .001 .000 (a) 11
626 49.9 .025 Heavy . OA .000 (a) 107
627 19.3 .02n Heavy .003 .000 (a)
628 49.7 .025 Heavy .003 000 (a) 103
629 49.4 .025 Heavy .003 .000 (a) 114
61nfl 4Q Q .025 Heavy 0 0M7 n00 (a) 116
631 49. .25 Heavy .003 .000 (a) 110
632 49,8 .025 Heavy . 002 .000 (a) 98
633 49.4 .025 Heavy .004 .000 (a) 109
63 4 491. 3 . 025 Beav, .005 " 00 I O
63S 0. 2 .025 Heavy . 003 .000 (a) 114
636 48.7 025 Heavy .003 .000(a k 115
637 49. 0 .025 Heavy .003 .000 (a) 114
0j36 49. 6 ..o5 Heavy .008 .000 (a) i1z
639 50. 0 .025 Heavy .003 .000 (a) ii0
640 50. 1 .025 Heavy .005 .000 (a) 107
641 49. 5 .025 Heavy .004 .000 (a) 114
642 49.1 ! 025 Heavy .012 .000 (a) 109
643 50. 6 .025 Heavy .006 00O (a) 102

9Hnn 7 % I I A

645 41.0 .000 None .000 .000 (a) 80
646 41. 0 .000 None .000 .000 (a) 74
647 41. 5 .000 None .000 000 (a) 75
648 40.5 .000 None .000 000 (a) 73
649 41.5 .000 None .000 .000 (a) 72
650 40.0 .000 None .000 .000 'a, 75
651 42.0 .000 None .000 .000 (a) 84
652 42.0 .000 None 1000 .000 (a) 82
653 42. -') .000 None .000 000 (a) 80
654 41.0 000 N."ne .000 0O0 ial 8I
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TABLE 5 (CONTINUED)

TEST SPECIMENS

Maximum Gouge - ,

Compreszivc Gouge Depth of Stress

Sr.ýc.men Hardness Depth Depth Failure

NO. R. (in. ) Damage (in. ) (i I..) (10 psi)
C

655 41.0 .000 None .000 .000 (a) 74

656 42.0 .000 N- .U00 .U00 (a) 80

3 1). Q .017 Light .000 .000 (c) i -n

658 39.0 .017 Ligh! .003 .003 98

659 40.0 .,C17 Lgt .007 .^0 v^ 0

660 40.0 mi 7 T ight .015 .15 84

661 40.0 .017 Light .006 .006 86
662 40.0 .017 Light w 0'4 .004 87

663 41z0 .017 Light .000 .000 (a) 86

664 40.0 .017 Light .000 .0Ui (c) 85

665 40.0 .017 Light No Failjxre 84
666 40.0 .017 Light No Failure 85

667 42.0 .0i7 Light .000 .000 (a) 87

669 50.0 .000 None .000 .000 (al 110

'70 49.0 .000 None .000 . 000 (a) 100
671 51.0 .000 None .000 .000 (a) 90
672 51.0 .000 None .OO , 000 (a) 80
673 49.0 . 0O0 None .000 . 000 (a) 77
674 49.0 .000 None .000 000 (a) 74
67S 49.0 . C0O None .000 000 (a) 72
676 52.0 .000 None 000 00t, (a) to

f77 47.0 .000 None 000 .00 (a) to
678 48.0 .000 None .000 000 (a) 6R
67ý 49.0 .000 None .000 , CO S
680 49.0 . 000 None 00O .000 (a) 66
681 48.0 .011 Light 000 .000 (a) 140
b82 4i. U .011 Light .000 .000 (a) IZ7
683 47.0 .011 Light .003 .003 117
684 49.0 .011 Light .000 .000 (a) 110
685 49,0 nil Light -000 6; ;al 110
686 48.0 .011 Light .005 .005 115
687 49.0 .011 Light .000 000 (a) 106
688 49-0 .011 Light .002 002 103
689 49.0 .Oil Light .000 .000 (a) 92
690 47.0 .011 Light z000 .000 (a) -

£91 48.0 .011 Light .000 .000 (c) 104
692 51.0 .011 Light .000 .000 (a7) 106
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APPENDIX U1

kk.L&ZJUAL STRESS RESULTS

The foowing rpages give the demailed residual stress distribu-
tions for specimens tested in connection with tCc study of distor-
tion. Table 2 outlines the varYous test conditions from which these
dt•. ,,;6uLzos resulted. Table 6 in Appendix Mli contains th . data
from which the stress distributions were calculated. A san.p•e c•--
culation was presenied in WADC, TR 55-56, Part 1.
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DEPTH BELOW SURFACE IN INCHES
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DEPTH BELOW SURFACE IN :NCHfff
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DEPTH BELOW SURFACE IN INCHES
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DEPTH BELOW SURFACE IN INCHES
0 .0iO .020 W0Io .040 .050 n060 .070 .080

eo i---L.-

I ,
20

0
0

S-L 
40 T

so ~-- SPECIMEN NO. 14

H HARDNESS Ro 41

-80 SHOT SIZE 230
. _ f j AIR PRESSURE 50

SCOVERAGE HiJ

I Io I -I
_____Ir W. N_ _ r.' _

FIGURE 54. RESIDUAL STRESS D!STRIBUT)ON
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DEPTH BELOW SURFACIE IN INCHES
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DEPTH BELOW SURFACE IN INCHES
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DEPTH BELOW SURFACE IN INCHES
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DEPTH BELOW SURFACE IN INCHES
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DEPTH BELOW SURFACE IN INCHES
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DEPTH BELOW SURFACE IN INCHES
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DEPTH BELOW SURFACE IN INCHES
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APPENDIX" Il1

RESIDUAL STRESS DATA

The foflowin table contains the detailed data ±!-om which the
residual stress distributions presented iki Appendix a ware calcu-
lated. Table 2 outlines the test conditions for -ev•r... aj•o c•d;--
rnens. A sampnle cZIculatioCn was pzesented in WADC TR 55-56,
Part 1.
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RESIDUAL 5TE. IA

ý Pzcimen No. I Specimen No. 2 Sp.cimen No. 3to = 0.4992 t = .4984 t .4971

"d- ddH dt dhi dt
I ~ L

0 0 0a012! .05 .0002 .04 .0002 .0 0OI
3 1 07 .00C.3 .04 .0003 .04 .0003
4 .06 .0004 .03 .0005 .i2 .00C5
5 .. 16 .0007 .13 .0008 13 .00.6
6 ,18 .001#1 1 .15 0CIn , .25 .0014

".27 .0016 .24 .0016 i37 .6ir;:I
S.48 .0026 .43 .0024 52 .0027
9 .60 0034 .54 .003-,) 66 .0035
- .71 0047 .73 0C49 .i .0039

11 .71 00:2 73 0062 .81 .0043
1• 1? .71 n077 .73 0071 .97 .0055

13 73 .0098 .78 .0091 1.05 .0059
1 .70 .0118 .73 .nl 17 0

15 .67 C131 .72 .0135 1.34 .0131
1!b .68 .0178 .73 .Cl.io 1.41 .0165
17 .68 0222 1.41 .0184
18 .I7 1-7

19 I.27 0293

Specimen No. 4 Specimen No. 5 Specimen No. 6 I
to 4964 f t .4970 t- 4978

iStep lH m dH dt di (it

I1000 0 0 0SI.03 UO01 .01 0 .01 .0001I.~1  I
3 .05 0002 .u .0001 .03 .0001

.0 ,UUU9 .1 . 04 000 -
5 07 0006 09 .0005 1 .10 C0006

6 .28 .0012 .19 .0011 .zo .0012

7 .44 .0021 .29 .0015 .30 .001i
.0026 40 1.4i .02i

.16 .0036 .49 Ozo .48 .0026
10 .80 0042 1 59 .003! .60 .0032

.98 .0047 .67 .0036 .74 .0038
12 1.10 .0054 .8! .0044 .89 .0047

13 1.15 0061 1.40 .0077 1.32 .0072
14 1.40 .0087 1.70 .0105 1.64 .0097

15 1.43 .0131 1.69 .0147 1.69 .0150
16 1.40 .0159 1.68 .0i82 1.66 .0188

. ..401 1.68 .0182 1.66 .0188
,L.37 .02 i.60 .0231 1.63 .0Z34

A9-j 1.38 .0261 j 1.63 .0271 TR58 .028 43
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TABLE 6 JCpOjN-T1NU~

RE - - U - .CrSSAA
I Specimen No. 7 Specimen No. 8 Specimen No. 9

t .4954 t .4988 L t f.4983

S H .tW dt dH dt

0 0 .0 U 0

z .04 .0001 P .04 .000! -. 09 O.0 1
3 .05 .0003 .09 .0004 -. 06 .C003
4 .11 .0005 .13 .0005 4.05 .0005
5 .20 .00i0 .27 .0013 -. 05 .0008
6 .25 .C015 .33 .0019 +.05 .0014
7 .37 ."021 .t2 .0024 +.21 .0021
8 .52 0031 .69 .0039 +.31 0027
I.8t .0043 .9n .0048 +.54 .0040
0 1.09 .0055 1.17 .0056 +.74 .0050

11 1.34 .0068 1.54 .0077 4.94 .0060
iz 1.49 .0078 1.80 .0093 +1.42 .0083
13 1.58 .0086 2.05 .0106 +1.83 .0101
14 2.03 .0117 2. z .01?7 +2.12 .0120
i 2.51 .0154 2.45 .0175 1 +3.22 .0173

", .1 .0144 2.44 0205 +3 .0209
17 2.48 .0220 2.44 .0239 +3.i6 .0237
I1 2.40 .0236 7 42 .0240 +4.04 .u262
19 2.50 .0285 2. V .0283 | +4.03 .031V
20 J +4.00 .0345

,2. 1 j +4.(3 .0371

s pecimeni !1o. 10 J Specin:a 1o. 11 Specimen No. 12
t 4994 t a.1292 t a=. 1 29i

FStop dH 7 dt dH dt ,•i d t

S0 0*.~~ 00
i2 -08 .0001 .46 .0002 .54 .0002

4 1 -. 03 A0003 1.72 .Oooi t .09 .0007

1 +,07 .0005 1 Z. 4 : .0010 2.82 .0010i5 .o 0007 i 4. 63 .00'* 5-39 .0019

6 +.07 .0015 6.82 .0027 7.89 .0029
+.Z4 .0022 10.47 .0044 11.41 .0042
84 008 11 it64 Ci059 !. .0053

9 +.57 U-0 O 0 12.18 .n078 13.43 0068
41 +.75 .0049 12A.9 .0101 14.22 .0098

11 +.19 .0059 12.89 .0132 14.59 .0129
1,2 -1,29 .0077 13.00 .01SZ 14.75 0i76
13 +1.57 .0092 13.06 .0239 14.76 .0220

I +1.79 .0101) 13.07 .0288 14.81 .0267
115 +2.87 .0150 13.12 .0338 14.6? .0324
16 43.54 .0187 13.18 .0391 14.96 .0379
17 +3.97 .0217 13.21 .0430 15.03 .0419
18 +4.10 .0239 13.32 .0488 is.14 .046-1

119 +4.27 .0294 13.37 .0535 15.22 .0516
[20 I+4.27 .0330 I

t4.27 .0356
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TABLE 6 (GoNTlNL;Zlj

RESIDUAL STRESS DA- A

Specimen No. 13 Specimen No. 14 Specimen No. 15
to I.292 t . 1290 o .129Z

Step dH dt j dH dt dI- dt

1 0 0 n o 0 0
.48 .000Z .50 .0002 .Z .0002

3 .84 .0003 .83 .0003 .70 .0003
4 1.79 .0007 1.72 .0007 1.58 .0007
5 2.46 .0010 2.29 .0010 2.50 0010
6 4.36 .0018 4. 1 i .0017 4.61 .0019
7 6.67 0026 6.25 .002Z5 6.01 .0026
8 11. 51 0042 9. •9 .0041 10.67 .0038

13 19,34 0.1'0 19.17 .0071 23.67 .0074
11 23. 73 0698 23.73 .0100 27.33 .0096
12 24.30 0: 25 24.26 .0135 31.61 .0-145
13 24.49 .,55 24.49 .0186 32.05 .0193
1 24.55 0, 4 24.58 .0232 32.26 .0246
15 24.58 . 264 24.71 .0291 32.43 .0295
16 /4.66 G314 24.91 .0141 32.66 .0350
17 24.73 .360 25.13 .303Q4 32.96 .0420
18 24.78 41 41 25.36 .044' 33.27 .0472
'n. I 24. 91 u46'5 25.65 .0487 33.77 0W55

20 25.00 .0ý15 26.00 .0541 34.20 .0581
21 ___. 34.55 06 2 8

Specirn.en No. 1, Specimen No. 17 Speciman No. 18
t =1•91 t t .I92 I t =.1291

Step dR dt dH Cit ri dt

0 0 0 0 0 0
2 .29 .0001 .14 .0001 .45 .0002
S.68 .0003 .78 .0003 .93 .0003
4 .I 0006 1.r? .0006 1.72 .0006
r 2.2 .0010 2.30 .0010 2.70 .0010
S4.1'C .0017 4.21 .0017 4.59 .0018
7 6. 7' .0026 6.71 .0026 6.26 .0024
8 11.39 .0040 10.56 .0039 9,62 0036
Q 15.84 .0054 13.33 .0049 14.46 .0051

10 23.72 .0079 21.89 .0074 21.44 .0075
ii 28.60 .0099 28.89 .0097 26,58 .0094
12 31.8 .0144 39.40 .0145 37.59 .0140
13 32.30 ut'O 41.30 .0195 40.19 .0204
14 32.47 .0245 4!.45 0246 40.33 .025i
15 32.68 .0304 41.63 .0302 40.49 .0309
16 32.86 .0353 I 41.79 .0358 Q0.53 .0362
17 33.06 0407 I 41.99 .0419 40.66 .0422
18 33.35 0463 42,25 .0475 40.8! .0481
i9 33.85 .05U0 42. bl .0521 41.12 0531

20 34.23 .0564 i 42.98 .0579 41.31 .0582
21 34.45 .0608 43.12 0622 41.30 . 062622
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TAZLE 6 (CONTINULD)

eESIDUt 'TRZ3 DATA

Specimnen No. 19 Specimen No. 20 1 Specimen No. 21
t t.1290 t =1.289 - t =.0686

Ste. dH dt C-111 dt dH dt

2 5 .0001 .6 0001 -. 4 .00014

3 .9 0003 1.7 0003 1.8 .00038
4 1.3 .0005 1.9 0005 5.4 .00090
5 2.3 .0008 2.9 .0009 8.1 .00119
6 2.8 .0012 3.8 .0013 18.0 .00215
7 4.8 .0020 5,6 .0020 27.9 .0032
a 7.0 .0029 7.7 .0028 39.9 .0049
9 9. z .0039 9.7 .0037 43.2 .•062
0 13.5 .0052 13.7 .0050 46.3 .0087

i 20.7 .0073 19.9 .0069 49.2 .0136
lz 48.• ý 0094 Z9.6 .0093 51.8 .0189
1: 49.6 0146 45.9 .0136 55.6 .0235
14 41.4 .0196 66.0 .019 58.6 .0280

15 87.1 024 87.4 .0237 64.3 .0 36
16 96.5 020' 99.3 .0285 74.5 .0398
17 99.4 33S 105.3 .0327
18 .0394 .0373
19 99.5 .04r2 I 105.3 0420
20 100.0 .0509 105.4 .0476

SpecSpecimen No Specimen No. 23 Specimen N( Z4
-0670 t =.0658 t = 0667

Step dI dt de dt dli dt

1 0 0 0 0 0 0
2 -3 .0002 1.4 .0001 1. 2 ,0001
3 1.5 .0004 3.; .0003 3.0 .0004

4 6.5 .0009 6.4 .0008 6.- .c008
10.2 .0012 10.1 .00I1 9.9 .0011

6 22.5 .0024 18.1 .0020 19.7 .0022
7 32.5 .003 30.0 .0030 29.9 .0031

5. 3 . • 8 .7 .V7.6
9 50.2 .0064 69.9 .0061 ] 63.9 .0061

10 54.3 .0092 102.4 .0089 92.3 .0080
11 57.8 .0136 115.4 .0137 110.3 .0106
12 61.9 .0190 118.7 .0192 115,7 .0149
13 68.2 .0239 123.1 .0237 118a.2 .0195
14 75.2 .0294 '??. 20282 I 123.1 .024b
15 86.1 C 7 A.- 136.6 .0338 129.0 .0299
16 107.9 .0413 152.0 .0397 1 5. 6 .0348
17 151.Q .0402
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TAD3LE 6 .Q2N.TAiLE

qTAnTT L T.KESS DATA

Specim-en No. 25 Z6S~ecii,, io. 26! Specimen NO. 27
to = 0676 t =.0659 t= .0666

Step - dH dt MW dH d d !-

S L 0 0 0 0 0

3.2 .0002 'I.002 . * .000Z

4 .4 .0006 .4 .0006 .3 .0006
5 .5 .0010 .8 .0010 .4 .0009
6 1.7 .OOZO 1.9 .0019 i.5 OOZO

2.3 .0029 3.1 .0029 2.8 ,003CS o4 0 0 43 5.5 0046 4.6 .0015

9 6.1 .0061 7.7 .0062 7.0 .0064
10 10.7 .0091 13.1 0073 I11.3 .0095

13.' .0115 15.1 .0113 14.4 .0118
12 i5.0 .0174 17.4 .0174 i7.4 .0181
13 !*1 .228 17.5 .0226 17.5 .0229
14 15.9 .0238 18.1 .0272 18,0 .0284
15 16. A .0354 19.0 .0332 18.7 .0345
16 18.0 .0415 20.5 .0383 20.7 .0407
17 20.,1 .0464 22.9 .0437 23.0 .0454

Specimen No. ?J Specimen No. 29 Specimen No. 301

to9 67t0 0672 t 0  0687
dH dt dH dt d dt

2 0 0o01.1 .0001 0 OOG)3 .2 0002 .1 .0003 1 .o03J4 .5 o006 . -0C 1 .0003

5 .7 0009 .2 .0056 .3 .0008
6 1.7 On0O .3 .0i 23 .0012
7 2.7 0629 .7 0022 : 6 .0020
8 4.9 .00,16 1.1 .0031 .7 .0028
S 7. i .0065 1.7 .0042 .9 .0040

0 i i.7 004 2.z .0053 1.8 .0053
11 ' 14.7 .0118 3.3 .0072 2.9 .0075
12 18.0 .0182 4.8 .0096 4.2 .0096
13 18.0 .0235 10.3 .0149 8.1 .0143
14 18.8 .0287 16.8 .0199 13.7 .0187
1! 19.1 .0344 24.7 .0253 19.7 .0237
16 21.0 .0398 32.1 .0303 24.% .0279
17 23.0 .0452 36.3 .0348 29. .0329
18 38.6 .0400 31.9 .0379
19 40.6 .0449 33.1 .0437
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TABLE 6 (CNf1NUED)

RESIDUAL-MPs 4 5 .LŽ)A-A

Specimen No. 31 spc6.n.n M. 32
t .7i41 t - .7141

.Sttep d & aR dt

1 0 0 0 0
z .09 .0005 .09 .0004
3 .11 .0007 .1 1 .0006
4 .21 .0016 .20 .00!7
5 .24 .0021 .25 .Ouzz
6 39 .0034 ...
7 .48 0C44 4.46 .0"47
8 .71 .0066 .65 .0'o
9 .38 .0084 .84 .068610 1. 31 uLIl 1. Z0 OIZ6

11 1.54 .0148 1.47 GIY)
Iz 1.94 .0?21 1.76 0ZZ0
13 1.94 .0233 1.78 0Z84
14 1.93 .0O39 1.76 03"z15 1.94 .0407 .. 0411
16 1.93 3471 1.75 *0471

Specimen No. 33 Specime,, *4(,. !4
t =.9975 t -. 9980

Step dH dt d1 dt

i 0 00

2 .01 000? 0 .0% .060 N
3 .03 .0005 06 .oo00
4 .07 .0014 08 3un
5 .0 .0019 12 DO017

6 15 .003Z 18 .009
1 . .0044 Z6 .004?
8 .32 .0067 .36 .006/
9 43 .008 .46 .0088

.1 73 0153 .73 .C144S.9 .0210 .96 .0209
13 .97 0265 .9Q .0271
14 .93 .0330 97 .0329
15 .94 .0399 j o 0 ^ .0394
16 .93 .0461 .99 0457
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